Among the interactions which govern NMR spectra, spin-spin coupling interactions provide the most direct form of structural information which is of interest to chemists. Dipolar coupling may be used to measure internuclear distances directly and J coupling may be used to identify bonding interactions and provide insights into the nature of the bonds. It is well known that the presence of a quadrupolar interaction reintroduces the dipolar interaction in spinning samples; however, similarly to the J coupling, this information is often lost if the observed nucleus is quadrupolar due to quadrupolar spectral broadening. Here we show for multiple spin pairs that double-rotation (DOR) NMR fully removes the effects of the quadrupolar interaction on the NMR spectrum leaving only the effects of dipolar and J couplings. We also demonstrate that the J coupling multiplets do not disappear for quadrupolar A 2 spin pairs as they do for spin-1/2 nuclei. With DOR NMR, it is then straightforward to measure homonuclear J coupling constants between magnetically equivalent quadrupolar nuclei. A deeper understanding of the origins of the magnitudes and dominant mechanisms of J coupling for quadrupolar spin pairs in a series of related compounds is obtained by decomposing computed J coupling constants into their major molecular orbital contributions. © 2013 AIP Publishing LLC.
I. INTRODUCTION
Nuclear magnetic resonance (NMR) spectroscopy is recognized as one of the most powerful tools in structural chemistry. Chemical shifts and quadrupolar coupling constants are well known to provide valuable structural and bonding information. 1 Moreover, solid-state NMR measurements of chemical shift anisotropy have been used to refine biomolecular structures 2 as well as organic and inorganic solid-state structures. 3 More recently, electric field gradient (EFG) tensors have also been used for structural refinement purposes. 4 The NMR interaction tensors which provide the most direct structural information are arguably the dipolar and J coupling tensors. These are, however, sometimes the most difficult to measure for technical reasons.
Dipolar coupling provides the only form of essentially direct structural information from NMR since the only variable parameter in the dipolar coupling constant (R DD ) is the motionally averaged inverse cube of the internuclear distance. The dipolar coupling constant between a pair of nuclear spins labelled 1 and 2 is given by
where μ 0 is the permittivity of a vacuum, γ 1 and γ 2 are the magnetogyric ratios of the two coupled nuclei,¯is the reduced Planck constant, and r 1,2 is the internuclear distance.
Measuring dipolar coupling constants between pairs of spin-1/2 nuclei 5 or even between a spin-1/2 nucleus and a a) Author to whom correspondence should be addressed. Electronic mail: dbryce@uottawa.ca quadrupolar nucleus 6 is relatively straightforward, in part because spin-1/2 nuclei are amenable to sophisticated radiofrequency recoupling techniques. The measurement of dipolar coupling constants between quadrupolar nuclei (I > 1 2 ) is, however, generally less straightforward for several possible reasons including broad spectral line shapes and more complicated spin dynamics. 7 Owing to the importance of quadrupolar nuclei such as 11 B, 14 N, 17 O, 23 Na, 27 Al, and 35 Cl in organic chemistry and materials science, the development of methods to measure dipolar coupling between quadrupolar nuclei is an active area of research in solid-state NMR. Different approaches which have been presented involve spin diffusion, 8 rotary resonance, 9 and symmetry-based doublequantum dipolar recoupling. 10 The application of these methods in tandem with high-resolution methods such as multiplequantum magic-angle spinning (MQMAS), however, may often require prohibitively long 3D acquisitions. 11 Spin diffusion and double-quantum single-quantum (DQ-SQ) homonuclear correlation experiments have been performed under double-rotation conditions 12 (DOR) where high resolution is attainable in one dimension. 13 When a quadrupolar interaction is present, the quantization axis of the quadrupolar nucleus is tilted with respect to the magnetic field towards the largest principal component of the EFG tensor (V 33 ). 14 The dipolar interaction with a second spin is then incompletely averaged by both magic-angle spinning (MAS) and DOR and has direct effects on the observable NMR transition frequencies of the nuclei to which it is coupled. For spin-1/2 nuclei coupled to quadrupolar nuclei under MAS conditions, this leads to the appearance of residual dipolar coupling (RDC) multiplets. 15 These are easily measured in this case since all other broadenings from dipolar and chemical shift anisotropy interactions are removed by MAS. However, when a quadrupolar nucleus which is coupled to another quadrupolar nucleus is observed, second-order quadrupolar broadening is still dominant when performing MAS NMR experiments, which obscures the RDC information. Since DOR averages all quadrupolar, chemical shift, and dipolar broadening to their isotropic parts, only the secondorder quadrupolar shift and the RDC remain, making the measurement of these splittings nearly trivial. 16 This information may also be extracted with the use of MQMAS or satellitetransition MAS (STMAS), albeit with more difficulty since time consuming 2D simulations are necessary and crystallitespecific intensity losses may hamper the experimentalist's ability to accurately fit the data. 17 Indirect nuclear spin-spin coupling (J coupling), unlike dipolar coupling, is transferred through the electrons instead of through space. Four main mechanisms can be identified according to Ramsey's theory, namely, the Fermi contact (FC), spin-dipole (SD), paramagnetic spin-orbital (PSO), and diamagnetic spin-orbital (DSO) mechanisms. 18 The DSO mechanism involves the coupling of nuclear spins with the orbital angular momenta of the electrons in their ground states and is usually small. PSO is similar to DSO; however, it involves the interaction between the spins and the orbital angular momentum of electrons in excited states. Only orbitals with non-zero orbital angular momentum can contribute to this mechanism (i.e., p, d, f, etc.). The FC mechanism involves the coupling of the nuclear and electron spins at the nucleus; for that reason only orbitals with s-like character can contribute to FC. FC is usually the dominant J coupling mechanism for couplings involving 1 H. Finally, the SD mechanism involves the coupling of the nuclear and electron spin angular momenta for electrons located anywhere else in space. 19 The measurement of isotropic J coupling constants (J iso ) carries with it information about the bonding interactions between atoms; for example, only bonding interactions with some σ -character can contribute a significant amount to the FC mechanism. For nuclei where "p" or "d"-type orbitals contribute a significant amount to bonding, such as is often the case for halogens, the PSO mechanism can dominate the J coupling. 20 Measuring J iso for quadrupolar spin pairs is, however, often very difficult. It was demonstrated that such J couplings could be resolved with the use of MQMAS. 17, 21 Homonuclear 2D echo experiments for J-resolved purposes have typically been unsuccessful in measuring small homonuclear J couplings for quadrupolar spins. 22 In this paper, we discuss the theory underlying dipolar and J coupling between pairs of quadrupolar nuclei. We demonstrate experimentally that heteronuclear dipolar and J coupling constants can be measured with ease using onedimensional DOR NMR experiments. Additionally, we show both theoretically and experimentally that, unlike for pairs of spin-1/2 nuclei, 23 the homonuclear J coupling does not vanish from the NMR spectrum for magnetically equivalent quadrupolar A 2 spin pairs. The measurement of homonuclear J coupling is then straightforward under DOR conditions since only a J multiplet is obtained. This is demonstrated experimentally for spin-3/2 ( 11 B) and spin-5/2 ( 55 Mn) homonuclear J coupled magnetically equivalent spin pairs.
II. HETERONUCLEAR COUPLING

A. Theory
In many cases of interest in NMR, quadrupolar nuclei are mainly affected by the quadrupolar interaction, along with the Zeeman interaction. Their spin physics can then be nearly completely explained with the use of the Zeeman-quadrupolar Hamiltonian (Ĥ Z+Q ). The dipolar and J coupling interactions are typically relatively weak and can be treated as perturbations.Ĥ Z+Q may be conveniently written as follows:
The spherical tensor components (V m ) may be expressed as
where D (2) m ,m are Wigner rotation matrices and the principal axis system values of the spherical tensor components (V PAS m ) are −η/2 for V ±2 PAS and √ 3/2 for V 0 PAS , where η is the asymmetry parameter of the EFG tensor. 24 In principle, Zeeman-type eigenstates are used for NMR; however, these are not eigenfunctions of (2) when the quadrupolar interaction is large. It is then necessary to diagonalize the Zeeman-quadrupolar Hamiltonian, using Zeeman basis functions, to calculate accurate NMR properties. Upon diagonalization, the exact eigenvalues and eigenvectors of the Hamiltonian can be obtained. The eigenvalues (energy levels) can be used to simulate exact NMR spectra of quadrupolar nuclei; 25 the eigenvectors can be used to calculate other properties such as dipolar coupling. 15, 16 The true eigenfunctions of (2) may then be expressed as
where |m are the states of (2), |n are the Zeeman basis functions, m is the magnetic quantum number, and b m,n and c m,n are the real and imaginary components of the eigenvectors of (2) . In this framework, the effects of dipolar coupling (ν S DD ) between two quadrupolar nuclei "I" and "S" on the central transition of "S" (m S = 1/2 to −1/2) can be calculated as a perturbation to the Zeeman-quadrupolar eigenstates,
In principle, the effects of the quadrupolar interaction on both nuclei need to be included; in this situation, the full dipolar Hamiltonian is secular. 16 The frequency shifts due to each of the terms inĤ DD may be calculated as follows using the eigenvectors (Eq. (4)) determined by diagonalizing Eq. (2),
The operatorsÂ toF from the previous equations correspond to the "alphabet" terms in the dipolar Hamiltonian wherê
The expectation values of the angular momentum operators used here are calculated as follows:
In these expressions, S is the spin quantum number of the nucleus.
Under stationary conditions, the A term contributes the most to the dipolar coupling and the effects of the quadrupolar coupling on the dipolar splitting are negligible. Under MAS conditions, however, the A term (as well as the B term) is mostly averaged and the C and D components contribute the most to the spectrum since they are not averaged by MAS. For pairs of quadrupolar nuclei, the B, E, and F terms can also contribute to the spectrum but are in general smaller since they depend on the "tilting" of the magnetization vectors of both spins. The effects of MAS averaging are included by averaging the dipolar frequencies over a rotor period. This is done by re-expressing the angular terms in Eqs. (2)- (9) as follows:
cos θ = cos (54.74 • ) cos ϑ + sin(54.74
• ) sin ϑ cos(ωt), (17) sin θ cos φ = − cos(54.74
sin θ sin φ = cos(54.74
where θ and φ are the polar angles representing the orientation of the EFG and dipolar tensors with respect to the magnetic field (see Fig. S5 of the supplementary material 62 ) which have been reoriented in a partial MAS rotation, ϑ and ϕ are the parent polar angles (which are being powder averaged), ωt is the phase of the rotor, and 54.74
• is the magic angle. Empirically, we noticed that at least 20 rotor phases are necessary to properly average the dipolar interaction for the cases studied here. The averaging of the resonance frequencies yields "infinite" spinning frequency MAS spectra. The spinning sidebands, which would require lengthy time domain simulations, are then not calculated and are in fact unnecessary for the interpretation of the NMR data in this work.
For DOR NMR, where the sample in spun in a small rotor oriented at an angle of 30.56 • with respect to the spinning axis of a larger rotor oriented at the magic angle, 13 the same process for averaging of the transition frequencies over the direction cosines can be done in a nested fashion. For this work, the transition frequencies for DOR were averaged using 90 rotor phases for each of the rotors (8100 orientations). The larger number of rotor phases necessary for DOR is compensated by the lack of a need to perform powder averaging.
To simulate the MAS and DOR NMR spectra of quadrupolar nuclei with RDC, the resonance frequency is calculated as the sum of the averaged dipolar coupling, the chemical shift, and the second-order quadrupolar shift (which is isotropic in the case of DOR).
All the spectral simulations in this study were performed using a modification of the QUadrupolar Exact SofTware (QUEST) 25 which uses the interpolation scheme of Alderman, Solum, and Grant for speed.
26
B. Experimental examples
We have studied the NMR spectra of five samples, the structures of which are shown in Scheme 1. SCHEME 1. Chemical structures of the compounds studied.
B-bromocatecholborane (1), trichloroborazine (2), and manganese catecholboryl pentacarbonyl (3) all contain quadrupolar heteronuclear spin pairs that can be probed by 11 B DOR and MAS NMR. The NMR spectra of the perturbing nucleus (the nucleus which is coupled to 11 B that affects the MAS and DOR spectra, i.e., 35/37 Cl, 79/81 Br, or 55 Mn) cannot be measured under MAS or DOR conditions due to the size of its quadrupolar interaction. The simulation of its NMR spectrum under stationary conditions, however, does aid in the simulation of the 11 B DOR and MAS NMR spectra because the RDC depends on the perturbing nucleus' quadrupolar coupling constant.
B-bromocatecholborane (1)
Compound 1, which is analogous to the previously studied B-chlorocatecholborane, 16 contains a boron-bromine bond. There are two quadrupolar isotopes of bromine, 79 Br and 81 Br, with high natural abundances (N.A. = 50.69% and 49.31%, respectively) and large quadrupole moments (Q = 313 and 261.5 mb, respectively). 27 A large quadrupolar coupling at the bromine site in 1 is expected. The dipolar and J coupling interactions to the bromine nuclei will then dominate the 11 B DOR NMR spectrum since all other interactions are removed by DOR. However, in order to extract any information from the 11 B NMR spectra, it is necessary to determine the EFG tensor parameters independently for the bromine nuclei since the 79/81 Br-11 B RDC depends directly on C Q ( 79/81 Br) to first order. The quadrupolar interactions for both bromine isotopes are much too large for the application of 79/81 Br NMR spectroscopy to 1; however, 79/81 Br NQR spectroscopy is particularly apposite. In cases where two spectra are overlaid, the top trace corresponds to the simulation. In (a), the bottom trace corresponds to the simulation of the DOR spectrum when line broadening is omitted. The peaks near 0 ppm as well as small shoulders on the main peaks in (a) are spinning sidebands.
The
11 B DOR NMR spectra were acquired at 9.4 T with variable outer rotor spinning frequencies (700 to 1000 Hz) in order to identify the centerbands. This was necessary since the breadth of the RDC multiplet exceeds the maximum spinning speed achievable with our probe. The spectrum obtained with 700 Hz DOR is shown in Figure 1(a) . Six main resonances can be identified out of the total of eight resonances which are expected (four for 11 B nuclei coupled to each of the two isotopes of bromine); however, the intensities of two of the resonances are doubled. Even a qualitative simulation of the spectrum demonstrates that the sign of the bromine C Q is positive, something that cannot be directly obtained with bromine NMR or NQR. As the first-order effects of the 11 B quadrupolar interaction on the RDC multiplet are null, 14 the DOR spectrum is fairly insensitive to the 11 B EFG tensor parameters. It may also be safely assumed that the largest principal component of the bromine EFG tensor is oriented along the boronbromine bond, since the bromine is in a terminal chemical environment; this was also confirmed computationally, vide infra. The 11 B DOR NMR spectrum may then be simulated with only three adjustable parameters: the DOR shift (δ DOR = δ iso + δ QIS , where δ QIS is the second-order quadrupolarinduced shift), the effective dipolar coupling constant (R eff = R DD − J/3, where J is the anisotropy of the J coupling tensor), and J iso . The value of R DD can be calculated with the use of X-ray diffraction data 29 (R DD ( 11 B, 81 Br) = 1528 Hz) and the effects of J iso can be included in the simulation by incorporating the isotropic J coupling Hamiltonian in the calculation. The effects of coupling to 79 Br were included simultaneously by scaling the appropriate quantities by the ratio of the magnetogyric ratios or quadrupole moments of the nuclei, where appropriate.
It was not possible to simulate the spectrum in Figure 1 (a) without the inclusion of both isotropic and anisotropic J coupling. For simplicity, the J coupling tensor was assumed to be axially symmetric and aligned along the boron-bromine bond. It is possible to extract the sign of both J( 11 B, 81 Br) iso and J( 11 B, 81 Br) which are −75 ± 20 Hz and 500 ± 60 Hz, respectively (Table I) . The signs and magnitudes of these parameters are corroborated via DFT calculations, vide infra. The measurement of the anisotropy of the J tensor is typically very difficult as it is often obscured by the dipolar coupling. Save for a very recent study by Jakobsen et al., 30 this appears to be the first determination of J between quadrupolar nuclei using NMR spectroscopy, which opens the door to many more exciting studies. (It should be noted that many such values are available from molecular beam studies of diatomic molecules. 31 ) Interestingly, the sign of the reduced J coupling constant is the same as that previously obtained for the analogous B-chlorocatecholborane, which suggests that the coupling tensors have similar origins. 16 11 B EFG axis frame into that of the bromine's EFG and dipolar interaction tensor frame. These were fixed to those predicted by symmetry considerations.
The 11 B MAS NMR spectrum of 1 acquired at 9.4 T is shown in Figure 1 (b) along with its simulation. The parameters determined from DOR and NQR experiments (vide supra) reduce the fitting parameters for the MAS spectrum to the 11 B EFG tensor parameters and the orientation of this tensor with respect to the dipolar vector. It is then possible to easily determine the orientation of the 11 B EFG tensor with respect the dipolar vector: V 33 is found to be perpendicular to the bond vector. This is characterized by an Euler angle, β, relating the largest component of boron EFG tensor to the bromine's EFG tensor's principal axis frame (which has the same tensor orientation as the dipolar tensor), of 90
• ; the other two Euler angles were set to 0 and the spectrum is only moderately sensitive to their values. In this work, the ZYZ convention is used for the Euler angles, consistent with the convention used in both the WSolids 32 and QUEST 25 programs (see Fig. S5 of the supplementary material 62 ). This example clearly shows the wealth of information which is accessible from RDC between heteronuclear quadrupolar spin pairs under favourable conditions, such as R eff , the sign of C Q , the magnitude and sign of J iso and J, as well as the orientation of EFG tensors with respect to a molecule fixed axis: the bond vector. Additional simulations are also given in the supplementary material 62 to demonstrate the effects that the sign and size of J iso and J have on the DOR NMR spectrum.
Density functional theory (DFT) calculations of the 11 B and 79/81 Br EFG and magnetic shielding tensors for 1 were performed using both cluster-based DFT and the gaugeincluding projector-augmented wave (GIPAW) approach. 33 In the GIPAW approach, the core-valence interactions are described with the use of pseudopotentials in the SCF calculation and plane wave basis sets which simulate the periodicity of a solid are used. See Sec. VI for further computational details. The calculated parameters are listed in Table I along with the experimentally determined values. Both DFT methods reproduce the magnitudes and signs of the experimentally determined EFG tensors and chemical shifts with reasonable accuracy; however, as previously noted, the GIPAW approach overestimates the value of C Q ( 11 B) as well as the 11 B chemical shift. 4 The J coupling tensors were also calculated at the TPSS/QZ4P 34, 35 level and reproduce the experimentally determined signs of J iso and J; however, the magnitudes of both parameters are not reproduced within experimental error. This is not surprising as J coupling tensors are one of the most difficult properties to calculate and high-level correlated methods are often necessary. 36 The computed values of J iso and J are satisfactory in comparison with experiment. Importantly, both methods correctly reproduce, and confirm, the experimentally determined sign of C Q ( 81 Br) as well as the relative tensor orientations.
Trichloroborazine (2)
Compound 2 contains three boron atoms, each of which is bound to a chlorine atom, similarly to Bchlorocatecholborane. Its 11 B NMR spectrum will then be greatly affected by the interactions of the 11 B nucleus with the chlorine nucleus. Chlorine has two isotopes, 35 Cl and 37 Cl, which both have a spin quantum number of 3/2, high natural abundances (N.A. = 75.76 and 24.24%, respectively), and moderate quadrupole moments (Q = −81.65 and −64.35 mb, respectively). 27 Effects due to coupling between 14 N and 11 B are also present; however, these are expected to be very small compared to the effects of interest. This is the case because of the small magnitude of the nitrogen EFG tensor (the PAW DFT calculated C Q is of 1.30 MHz) and the orientation of the largest EFG tensor component relative to the B-N bond (β = 60
• ), for which the effects of the RDC are nearly absent. 37 In the solid state, molecules of 2 have C 2v symmetry and there are thus two crystallographically inequivalent boronchlorine spin-pairs with a stoichiometry of 2:1. 38 This is clearly seen in the 35 Cl WURST-QCPMG NMR 39 variableoffset cumulative spectrum (VOCS) 40 shown in Figure 2 (c). From this spectrum, the chlorine EFG tensor parameters could be determined: |C Q ( 35 Cl
Similar to what was done for 1, this independent information can be used to help simulate the 11 B DOR NMR spectrum since the number of adjustable parameters is reduced. In this case, however, due to the presence of two crystallographically distinct but chemically equivalent boron sites, and the coupling to 14 N, much broader lines were obtained (when compared to B-chlorocatecholborane, 16 see Figure 5 (a)). A good fit was obtained assuming a single site with no anisotropy of the J tensor and a J( 11 B, 35 Cl) iso of −30 Hz (as was obtained for the boron-chlorine spin pair in B-chlorocatecholborane). 16 This is consistent with the fact that the bonding environment in both compounds is very similar. The 11 B MAS NMR spectrum of 2 is shown in Figure 2 (b). It was also assumed in this case that the largest component of the chlorine EFG tensor was aligned along the bond since the chlorine is terminal; this assumption was confirmed using DFT (vide infra). Simulations of the 11 B NMR spectrum were, however, extremely sensitive to the orientation of the boron EFG tensor with respect to the B-Cl bond vector since the EFG asymmetry parameter is large in this case. It was possible to determine the orientation of the largest component of the 11 B EFG tensor with respect to the B-Cl bond vector with high precision: β = 84 ± 3
• . A summary of the simulation parameters is given in Table II .
Both conventional DFT and GIPAW DFT calculations of the relevant NMR parameters were also performed for 2 as they were done for 1. As was previously noted, 25 in covalent systems the values of η( 35/37 Cl) are better predicted by DFT than are the values of C Q . In the same spirit, it is interesting to also note, as was noticed for organic chlorine, that the chlorine's η is larger in 2 than it was for Bchlorocatecholborane since the boron atoms in 2 are part of a π -conjugated system. The effect of π back-bonding from the chlorine decreases the axial nature of the bond and increases the asymmetry of the EFG. The calculated parameters are listed in Table II along with the experimentally determined values.
FIG. 2. NMR spectra of compound 2.
In (a) the 11 B DOR NMR spectrum is shown, in (b) the 11 B MAS NMR spectrum is shown (both at B 0 = 9.4 T) and in (c) the 35 Cl WURST-QCPMG NMR spectrum is shown (B 0 = 21.1 T). In all cases the top trace corresponds to the simulation. In (a), the bottom trace corresponds to the simulation of the DOR spectrum when line broadening is omitted.
Manganese catecholboryl pentacarbonyl (3)
Compound 3 contains a boron-manganese bond where spin-spin coupling between 11 B and 55 Mn (N.A. = 100% and Q = 330 mb) 27 is expected to affect the 11 B NMR spectra since manganese centers in this type of chemical environment are known to have large quadrupolar interactions (i.e., C Q as large as 64.3 MHz). 41 The 55 Mn static VOCS Solomon echo 40 NMR spectrum is shown in Figure 3 (c). There is some overlap with an impurity of 5 due to the extreme moisture and air sensitivity of 3; however, the singularities corresponding to 3 are clearly resolved from those of the impurity. The 11 B EFG axis frame into that of the chlorine's EFG and dipolar interaction tensor frames. The angles α and γ were fixed to those predicted using symmetry considerations. spectrum was simulated using both quadrupolar and chemical shift anisotropy interactions. The orientation between the EFG and chemical shift tensors was fixed to that calculated using DFT (vide infra). It was then possible to determine a |C Q ( 55 Mn)| value of 46.6 ± 0.2 MHz and an η of 0.17 ± 0.02. These data are used to aid in the simulation of the 11 B NMR spectra.
The 11 B DOR NMR spectrum of 3 is shown in Figure 3 (a). A doublet with unequal intensities is observed from which the sign of C Q ( 55 Mn) may be easily determined to be negative using spectral simulations. As 55 Mn has a positive value of Q, this points to the manganese having a mostly oblate coordination environment, i.e., a coordination environment in between octahedral and square pyramidal. 42 If we assume that the ligands are purely σ -donors, this suggests that the interactions between manganese and its carbonyl ligands are stronger than the interaction between manganese and the catecholboryl ligand. This insight into the nature of the interactions with the ligands could not have been obtained from 55 Mn NMR alone or from diffraction data. From the DOR NMR spectrum it is also possible to measure a small, positive, J iso of 10 ± 5 Hz; J has no measurable effect on the NMR spectrum. The nature of the significantly smaller J coupling in this compound is compared to that in related compounds, 4 and 5, and discussed later in the text. The 11 B MAS NMR spectrum of 3, shown in Figure 3 (b), demonstrates clear signs of RDC; however, the main broadening interaction is clearly the 11 B quadrupolar coupling. The largest component of the 55 Mn EFG tensor is assumed to be oriented along the boron-manganese bond due to the pseudo-C 4 symmetry about the bond. The largest component of the 11 B EFG tensor was also assumed to be perpendicular to the bond, as was measured for B-chlorocatecholborane and 1. It is interesting to note that the dipolar information could likely FIG. 3 . NMR spectra of compound 3. In (a) the 11 B DOR NMR spectrum is shown, in (b) the 11 B MAS NMR spectrum is shown and in (c) the 55 Mn solid-echo NMR spectrum is shown (peak due to an impurity of compound 5 goes off scale). In all cases, the top trace corresponds to the simulation. In (a), the bottom trace corresponds to the simulation of the DOR spectrum when line broadening is omitted. B 0 = 9.4 T. also be obtained using double-resonance NQR methods, as was done for DMn(CO) 5 . 43 These results are also in agreement with our DFT calculations (vide infra). A summary of the simulation parameters is given in Table III. DFT calculations using a cluster model were also performed on this sample; however; we were unable to obtain a reliable manganese pseudopotential for GIPAW DFT calculations. The calculated parameters are listed in Table III . It can be seen that the EFG tensor parameters are very well reproduced and that the size and sign of J iso are reproduced by the DFT calculation. A small J of 49.6 Hz is predicted; however, such a small J has no measurable effect on the NMR spectrum (see the supplementary material 62 ).
III. HOMONUCLEAR COUPLING
A. Theory
The description of coupling interactions in homonuclear spin systems differs from that of the heteronuclear case since, 55 Mn chemical shift tensor axis frame into that of the EFG tensor frame. The angles were determined using the DFT values as initial guesses. c The Euler angles reorient the 11 B EFG axis frame into that of the manganese's EFG and dipolar interaction tensor frames. The angles were determined using the DFT values as initial guesses.
in the homonuclear case, "product" eigenstates of the form |m S , m I such as | ) where the kets are labelled as |S, M where S is the total spin quantum number and M is the total magnetic quantum number. 23, 44 For the homonuclear spin-spin coupled case, m S and m I are no longer good quantum numbers; however, S and M are. The eigenstates for these systems are then labelled as |S, M 45 where the allowed transitions involve a M of 1 and S of 0 or ±2. 46 The singlequantum transitions between these can alternatively be identified as those having non-zero transition amplitudes calculated using the S + + I + operator. 44 Similar eigenstates were formulated to explain the fine structure in NQR spectra of homonuclear coupled spins; 47 however, the permutation symmetry is higher for NQR as the Hamiltonian only depends on the absolute value of m. 48 The single quantum NMR transitions are depicted in Figure 4 for the homonuclear spin-3/2 case using an energy level diagram, and are compared to the heteronuclear case. It can be seen that, in the latter case, the transitions are well separated as there is no mixing between the I and S states. There are four transitions associated with the central transition (CT, m = ) corresponding to the S nucleus coupled to the four states of the I nucleus. In the homonuclear case, however, because of the large amount of mixing, some eigenstates can undergo single quantum transitions to two different states. There are, in this case, six distinct transitions which can be associated with the CT. For spin-1/2 nuclei, the number of transitions does not change when going from AX to A 2 spin systems since there are no quintet states which can undergo transitions with the singlet state. 23 The transitions associated with the CT for homonuclear spin-3/2 and spin-5/2 pairs are listed in Table IV. For spin-1/2 nuclei, all states are affected by the isotropic J coupling Hamiltonian (Ĥ J = J isoÎZŜZ + 1 2 J iso (Ŝ +Î− +Ŝ −Î+ )) by the same amount when the eigenstates are reformulated in this way. For spin-3/2 nuclei, however, the eigenstates related to the CT (see Table IV) are not shifted by the same amount when applyingĤ J , and the effects of J coupling therefore remain in the spectrum. This has been discussed for spin-1 nuclei. 45 In the case of spin-3/2 nuclei, a 1:1:2:1:1 pentet is expected, with equal line spacings of 3J iso /2. Similarly, an A 2 spin-5/2 pair has 10 transitions Table IV ) whereas the orange arrows are STs. In the heteronuclear case, the labels take the form |m S , m I whereas in the homonuclear case they are |S, M . 
a Only the transitions 1-2 are applicable to spin-1/2 nuclei, 1-6 are applicable to spin-3/2 nuclei and all transitions are present for spin-5/2 nuclei.
which can be associated with the CT (see Table IV ) that form a 1:1:3:3:1:1 sextet. An energy level diagram for the homonuclear spin-5/2 case is given in the supplementary material. 62 In this case, the line spacings are unequal: 3J iso /2, 3J iso /2, 5J iso , 3J iso /2, and 3J iso /2, and thus, in a case of low resolution, the DOR spectrum would take the appearance of a broad doublet with a splitting of ∼5J iso .
Although the effects of RDC, as discussed above, are still present and could be calculated in the same way as was done for the heteronuclear spin pairs, while using the appropriate eigenstates, we are experimentally limited to samples with small C Q values for which the effects of RDC on the NMR spectrum are negligible. This was previously noted by Wi and Frydman, where the MQMAS NMR spectra of homonuclear coupled quadrupolar spin pairs were found to be magnetic field independent.
17 This is also demonstrated in Figure 5 , where the DOR spectra of B-chlorocatecholborane acquired at 9.4 and 4.7 T are overlaid along with the 9.4 T DOR and 21.1 T MAS spectra of 5. It can be seen that for heteronuclear spin pairs, where RDC dominates the spectral line shape, the size of the splitting is inversely dependent on the magnetic field whereas for the homonuclear spin pair, the splitting is independent of the magnetic field. The broader features of the 21.1 T MAS spectrum of 5, when compared to the DOR NMR spectrum acquired at 9.4 T, simply originate from MAS's inability to completely average the second-order quadrupolar interaction.
B. Experimental examples
Bis(catecholato)diboron (4)
Bis(catecholato)diboron (4) is an analogue of compounds 1 and 3 which contains a boron-boron bond. It has been previously studied by Brinkmann and Edén where no line shape abnormalities were noted. 10 They used 11 B-11 B double-quantum sidebands in a DQ-SQ correlation experiment to measure the boron bond length with reasonable accuracy. The lack of visible effects of 11 B-11 B J coupling on the MAS NMR spectrum can be understood since the expected 1:1:2:1:1 pentet would have effects comparable to Gaussian or Lorentzian broadening. Similar samples have also been studied using MQMAS NMR where the effects of the J coupling are also hardly visible. 17c The DOR NMR spectrum of 4 is shown in Figures 6(a) and 6(b) . It can be seen that each of the DOR centreband and sidebands is composed of a series of five lines with varying intensities whose sum amounts to the expected 1:1:2:1:1 ratios, analogous to what has been observed for the heteronuclear 17 O-31 P spin pair in triphenylphosphine oxide. 49 By fitting this DOR spectrum with a simple multiplet (while also including the effects of heteronuclear RDC to 10 B), we were able to extract the value of |J iso ( 11 B, 11 B)| of 130 ± 20 Hz. The sidebands were not co-added into the centerband as this leads to a loss in resolution, perhaps because of the instability of the double-rotor. As a result, however, the line intensities cannot be perfectly reproduced by our simulation. The 11 B MAS NMR spectrum was then fit while including both the J coupling and the quadrupolar broadening; the parameters are summarized in Table V. The magnetic shielding and EFG tensor parameters were also calculated using cluster-based DFT as well as GIPAW DFT. Both methods reproduce the EFG tensor parameters fairly well and they are in better agreement with our experimentally determined values than those previously reported. The value of J iso calculated using cluster-based DFT is found to be positive and of the same order of magnitude as that determined using DOR NMR spectroscopy. These data are also reported in Table V. 
Dimanganese decacarbonyl (5)
Dimanganese decacarbonyl (5) contains two directly bonded manganese atoms with octahedral coordination environments completed by carbonyl ligands, similar to 3. Compound 5 has previously been studied by NMR under stationary conditions, where the EFG tensor parameters were determined with high precision. 41 Wi and Frydman have also used MQMAS in order to estimate the value of J iso . 17 As previously mentioned, however, the spectral analysis and interpretation is much simpler in the case of DOR since isotropic J coupling multiplets are expected (i.e., no density matrix propagation, no diagonalization, and no powder averaging required). The DOR spectrum is shown in Figures 7(a) 55 Mn NMR spectra of compound 5. In (a) the centerband of the DOR NMR spectrum is shown along with simulations including (top) and excluding (bottom) line broadening. In (b), the sideband pattern of the DOR spectrum is shown and in (c) the MAS spectrum is shown along with its simulation. and 7(b) where a broadened "doublet" is observed having a splitting of approximately 5J iso . A value of |J iso | of 100 ± 20 Hz could be measured, which is within the experimental error of that determined using MQMAS. The MAS NMR spectrum, acquired at 9.4 T, is also shown in Figure 7 (c) where the main features of the unusual line shape are reproduced. The simulation parameters are given in Table VI. TPSS/QZ4P DFT calculations were also performed on a model of a molecule of 5. The calculated EFG tensor parameters are in reasonable agreement with those determined experimentally. The J iso value which is calculated is also within the experimental error of the experimentally determined value. All DFT calculated values are listed in Table VI along with the experimental ones. It is interesting to comment on the potential effects of spin rate-dependent quadrupolar-driven homonuclear dipolar recoupling, also known as n = 0 rotational resonance, in these samples. As discussed by Edén and Frydman, 50 and later by Barrow et al., 22 the effects of quadrupolar driven recoupling are largest when the spin rate is of the order of the quadrupolar frequency. For the analogous CSA-driven recoupling this criterion is nearly always satisfied; 51 however, for 4, the quadrupolar frequency is on the order of several MHz and so quadrupolar-driven dipolar recoupling is expected to be unimportant. It is also known that homonuclear dipolar broadening is much more efficiently suppressed by DOR than MAS and the remaining broadening should then be fairly minor. 52 Additionally, multiple DOR NMR spectra were acquired with variable spinning speeds and the positions of the centerbands remained constant. Finally, in the case of 5, since the EFG tensors and the dipolar tensor share the same principal axis frame, no quadrupolar-driven dipolar recoupling is expected.
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IV. MOLECULAR ORBITAL ANALYSIS OF J COUPLING CONSTANTS
It is interesting to note that both compounds 4 and 5 have significant reduced J coupling constants (K iso = 4π 2 ). In order to understand this phenomenon, we have performed DFT calculations including scalar and spin-orbit relativistic effects using the zeroth-order regular approximation (ZORA) 53 as implemented in the Amsterdam Density Functional (ADF) software package. 54 ADF allows for the decomposition of the J iso values according to the different mechanisms which contribute to the coupling, as well as according to the pairs of canonical molecular orbitals (MOs) which contribute the most. 55 In the case of compound 4, 100% of the J coupling originates from the FC and SD mechanisms and the effects of PSO and DSO are small and cancel each other. Contrary to those results, for compound 5, 94.7% of the J coupling originates from the PSO mechanism, the FC and SD mechanisms only contribute 5.1% of the J coupling, and DSO contributes 0.2%.
These drastically contrasting results can be qualitatively understood using a simple MO model when we consider that for boron, "sp 2 "-hybridized orbitals would contribute the most to bonding. These orbitals have a strong contribution from s atomic orbitals and can thus contribute to the FC mechanism which usually dominates when it is present. On the other hand, for manganese, or other transition metal elements, the "d" orbitals are responsible for bonding. As "d" orbitals have zero electron density at the nucleus, they cannot contribute to J coupling via the FC mechanism, but they may contribute strongly via the PSO mechanism due to their large orbital angular momentum. In the case of compound 3, where a boron atom is bound to manganese, it is less clear which mechanism would most strongly contribute to the J coupling. Again in this case, the effect of DSO is negligible as it contributes only 2.3% to J iso ; however, both FC and PSO contribute significantly to the small J iso value with proportions of 133.0% and −35.3%, respectively.
We have separated the calculated J iso values according to the MOs which contribute the most to the interaction; the results are shown in Figure 8 . As expected, in the case of 4, 83.4% of the J coupling originates from two occupied orbitals which have a strong σ -bonding character between the two boron atoms that mix with MOs having an anti-bonding character. This is consistent with the dominance of the FC mechanism for the J coupling observed in this sample.
In the case of 5, four orbitals with "d" character at both manganese sites contribute 80.4% of the total J iso value. Only two of the four orbitals are shown in Figure 8(b) ; the other two orbitals are related to those by symmetry. These contributing occupied orbitals are consistent with the dominance of the PSO mechanism for the J coupling observed in this sample.
For 3 however, the orbitals which contribute the most to the J coupling do not have a bonding character between the two atoms but are instead localized either on the manganese center or the boron center. Since manganese uses its "d" orbitals for bonding while boron uses orbitals with a large "s" character, there is no J coupling mechanism which can transfer spin information from one center to the other with a bonding orbital. The J coupling is then dominated by non-bonding orbitals which can have a large "s" character at both centers. This, however, leads to a small J coupling constant, which explains why compound 3 has a K iso value of an order of magnitude smaller than its homonuclear analogues.
In the case of compounds 1 and 2, 84.2% and 77.5% of the J coupling originates from the FC mechanism, respectively. The dominating occupied MOs have, as expected, σ -bonding character between the involved atoms and are not shown.
V. CONCLUSIONS
We have demonstrated that residual dipolar splittings between pairs of quadrupolar nuclei can be easily measured and interpreted with the use of DOR NMR spectroscopy. Since DOR removes the effects of several broadening interactions simultaneously, only the isotropic chemical, secondorder quadrupolar-induced, and residual dipolar shifts affect the spectrum, and the dipolar and J coupling multiplets are easily analyzed. This provides an accurate approach for simultaneously measuring effective dipolar and J coupling constants in heteronuclear quadrupolar spin pairs. Additionally, the analysis of RDC multiplets also provides the sign of J iso , J, and the C Q of the perturbing nucleus, parameters which are difficult to obtain otherwise, given that the perturbing nucleus' |C Q | was independently measured using a different method.
For homonuclear quadrupolar spin pairs, the effects of RDC can typically be neglected for sites which are accessible to slow double-rotation due to the small quadrupolar interactions. The dipolar coupling cannot then be measured from a 1D DOR NMR spectrum. However, we have shown that for spins other than 1 2 , the J coupling still affects the NMR spectrum of magnetically equivalent A 2 spin pairs. It is then possible to measure the J coupling constant directly from the 1D DOR spectrum. In this case, the analysis is highly simplified since simple multiplets are obtained, although with atypical line spacings.
We have analyzed the origin of the particularly small J coupling constant in 3 when compared to its structural analogues 4 and 5. It is shown that since "sp 2 " orbitals contribute the most to bonding for boron and "d" orbitals contribute the most to bonding for manganese, there is a lack of a coherent J coupling mechanism in the case of 3. For the samples 4 and 5, the FC and PSO mechanisms dominate, respectively, due to the nature of the bonding orbitals; however, neither mechanism is simultaneously applicable to the boron and manganese sites in 3. Similar situations may be present for other heteronuclear spin pairs involving either a halogen or other transition metals.
VI. EXPERIMENTAL
Samples of B-chlorocatecholborane, 1, 4, and 5 were purchased from Aldrich and were used without further purification. Similarly, 2 was purchased from Strem and was used without further purification. Compound 3 was prepared using literature procedures. 56 All DOR NMR experiments were performed at 9.4 T using outer-rotor synchronization to remove the odd-ordered sidebands 57 and 20 kHz 1 H SPINAL-64 decoupling. 58 The 11 B MAS NMR experiments were also performed at 9.4 T. Selected experiments were performed at 21.1 T. Detailed descriptions relating to the NMR and NQR experiments are given in the supplementary material. 62 Cluster model DFT calculations were performed using the ADF software package 54 with the use of the meta-GGA functional of Tao, Perdew, Staroverov, and Scuseria (TPSS) 34 and the ZORA/QZ4P Slater-type basis sets. 35 (GI)PAW DFT calculations of the EFG and magnetic shielding tensors were also performed using the CASTEP NMR program 33 using published crystal structures. 29, 38, 56, 59 The calculated boron 60 and chlorine 61 isotropic magnetic shielding constants were converted to chemical shifts with the use of an absolute shielding scale. Additional information may be found in the supplementary material. 62 
